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Abstract

The thermal decomposition of 5-aminotetrazolium nitrate (5-ATZN) was studied at a heating rateGsml® from 50 to 600C/min
by DSC and TG techniques. Two intense exothermic processes are observed and the solid decomposition residues were thermally stable
cyclic azines. Crystals of 5-ATZN were obtained from the aqueous solution by slow evaporation at room temperature. They crystallize in
the monoclinic space group2;/c with crystal parameterst = 1.0606(3 nm, b = 0.35065(4 nm, ¢ = 1.4641(2nm, 8 = 90.63(1y,
V = 0.54441)nn?, Z = 4, D, = 1.807 g/cm, n(MoKa) = 0.168 mnT?, F(000) = 304. The structure consists of NOanions and
[5-ATZH] " cations, of which the 4-N was protonized. Electrostatic interaction and intermolecular hydrogen bonds assemble the ions into 2D
layered structures.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction are supposed to suppress the burning rates, to enhance
the combustion stability, and to decrease the temperature
5-Aminotetrazolium nitrate (5-ATZN) is an unstable sensitivity of propellants containing 5-AT[B,7]. An inves-
oxygen-rich compound used for inflating air bags and actu- tigation conducted on the hydrohalide salts of 5-ATZ by a
ating seatbelt pre-tensioners in passenger-restraint devicesT-Jump/FT-IR method indicated that the proton donor abil-
Gas-generating composite propellants based on 5-ATZN asity of the acid determines the thermal decomposition route
the oxidant were disclosed in 1969 by Moy et[al. These and hence the solid residuf3]. One pathway is the disso-
gas generators were found to have better burning rates.ciation of the salt to form HX (X= ClI, Br, I) and 5-ATZ,
increased temperature stability, higher non-corrosive gasand another involves the decomposition of the [5-ATZH]
volumes, a minimum of solid particulates and lower flame ion directly. In this paper, the thermal decomposition of
temperatures over those of earlier ammonium nitrate gas5-ATZN has been studied at a heating rate ofCfmin
generatorg1-4]. All these properties are highly desirable and a pressure of 0.2 MPa by DSC and TG techniques. The
for gas-generating propellants. molecular structure of 5-ATZN is also reported here.
As indicated by Stoner and Bril[5], combustion is
likely to be dominated by condensed-phase decomposition
processes, so it is necessary to explore the thermal decom2, Experimental
position mechanism of 5-ATZN. Previous thermal decom-
position studies on 5-ATZ and its derivatives revealed the 2.1, Synthesis of 5-ATZN
formation of thermally stable cyclic azine residues, which
5-ATZ-H,0 was prepared according to the method given
* Corresponding author. Tek:86-10-68913818; by Zhang et al[9]. Nitric acid aqueous solutior.1..(65 mass%)
fax: +86-10-68911202. of analytical grade was purchased from Beijing Chemical
E-mail addressztlbit@public.bta.net.cn (G. Ma). Co. and diluted to 20 mass% before use.
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5-ATZN was synthesized as follows: 20 g (0.194 mol) of Table 1
5-ATZ-H,0, 71 mL (0.252 mol) of nitric acid solution and Crystal data and structure refinement parameters for 5-ATZN

50 mL of water were stirred for about 1 h in a water bath at Empirical formula CHsNgO3
70°C. The resulting colorless solution was cooled to room Molar mass (g/mol) 1481
temperature while stirring. On slow evaporation at room Crystal system Monaoclinic
. Space group P2/c
temperature, colorless crystals of 5-ATZN were obtained af- (nm) 1.0606(2)
ter about 4 weeks with an approximate yield of 65% based y, (nm) 0:35065(4)
on the initial 5-ATZ-H0O inputs. Elemental analysis for ¢ (nm) 1.4641(2)
5-ATZN (molar mass 148.1 g/mol) (%): Calculated: C 8.11; 8 (°) 90.63(1)
N 56.75; H 2.72; Found: C 8.13; N 56.72; H 2.71. IR (chh \Z/ () 2-54(1)
KBr pellets): 3415, 3368m (¢Hy), 3225, 3188m (N—H), D. (g/cn?) 1.807
1658s (£=N, N=N), 1563w (SC—N, N-N), 1469w (§NH), MEMO Ka) (mmL) 0168
1384vs, 1308m (NO3™), 1079, 732, 445w (ing bone)[8]. F(000) 304
Crystal size (mm) 0.50 x 0.30 x 0.20
0 range () 1.92-25.23
Measured reflections 1286
2.2. Physical techniques Independent reflectionsfy = 0.0180] 984
R1, WRe [I > 25(1)] 0.0364, 0.0958
R, WR, (all data) 0.0448, 0.0990

C, H, N were determined using a Flash EA 1112 fully au-
tomatic microanalyzer. Infrared spectra were recorded on a
Bruker Equinox 55 infrared spectrometer as KBr microdiscs
in the wavenumber range 4000-400¢hwith a resolution 3. Results and discussion
of 4cm1. DSC and TG measurements were carried out
using Perkin Elmer Pyris-1 differential scanning calorime- 3.1, Thermal decomposition mechanism
ter and thermogravimetric balance, respectively, using dry
nitrogen as atmosphere with a pressure of 0.2MPa. The The DSC and TG-DTG curves are showrFiigs. 1 and 2,

crystal samples were sealed in aluminum pans for DSC respectively. Infrared spectra were used to distinguish the
experiments and were heated from 50 to 60Qat heating  solid residues at different temperatures (Fig. 3).

SPmaxs dPmin (€/nn¥) 163, —200

rates of 2, 5, 10, 15, 20 and 26/min. In TG experiments, Under the linear heating rate of 1G/min with nitrogen
the crystal samples were held in platinum pans and were atmosphere, 5-ATZN is stable until 198/min when an
heated from 50 to 600C at a heating rate of I@/min. intense exothermic decomposition process (246 J/g) begins,

and ends at 20ZC. The peak temperature is 198. The
melting of 5-ATZN, which had been reported by Burns and
Khandhadid3,4], was not observed in this study. This may
be attributed to the higher purity of the crystal samples, the
A suitable crystal (50 mm x 0.30 mmx 0.20 mm) was different method of synthesis and the different experimental

mounted on a glass fiber, coated with epoxy and placed onconditions. Corresponding to this exotherm, there is a mass
the goniometer of a Siemens P4 fully automatic four-circle 10SS 0f 18.0% of the initial mass on the TG curve in the
diffractometer. Unit cell parameters were determined by €mperature range 171-202, and the maximum rate of
least-squares analysis of 30 reflections with°6:8 6 < mass loss of 7.1%/min was observed at 101

14.73 usingw-scans at 296 2 K with graphite monochro-

matized Mo Karadiation (A= 7.1073 nm). 1286 reflections  Table 2

were collected between 1.9 6 < 25.23 yielding 984 Non-hydrogen atomic coordinatesc10%) and equivalent isotropic dis-
unique reflections (iR = 0.0351). Information concerning ~ Placement parameters {18 n¥) for 5-ATZN

2.3. X-ray data collection and structure refinement

crystallographic data collection and structure refinement is Atom X y z U (eq)
summarized inTable 1. No absorption correction was ap- ) 3825(1) 6983(5) 1985(1) 47(1)
plied to the intensity data. 0(2) 2276(1) 4276(5) 1262(1) 39(1)
The structure was solved by the direct methods routine O(3) 3819(1) 6702(5) 511(1) 49(1)
of sueLxs-97 [10] in the space grouf2;/c, and subse- () 1563(2) 2178(5) 4469(1) 33(1)
guent difference-Fourier map revealed the positions of the N(2) 335(2) 2464(6) 4184(1) 38(1)
remaining atoms. All non-hydrogen atoms were refined N(3) 325(2) 3246(6) 3342(1) 39(2)
anisotropically using a full-matrix least-squares procedure N(*) 1548(2) 3510(5) 3059(1) 33(1)
5 N(5) 3558(2) 2809(6) 3763(1) 42(1)

on F with sHeLXxL-97 [11], and all hydrogen atoms were 6) 3328(1) 6018(6) 1253(1) 34(1)

treated isotropically. The atomic coordinates and displace-
ment parameters, selected bond distances and angles ar
listed in Tables 2—4. U (eq) is defined as one-third of the trace of the orthogonalizédensor.

2326(2) 2832(6) 3764(1) 29(1)
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Table 3 54
Selected bond distances (nm) and angtgs (
Bond Distance 0
N(2)-N(3) 0.1262(2)
N(3)-N(4) 0.1368(2) z
N(4)-C 0.1335(2) Eo 5
N(1)-H(1) 0.102(2) 3%
N(5)—H(5A) 0.084(2) ; !
O(1)-N(6) 0.12369(19) 2 o
O(3)-N(6) 0.12339(19)
N(1)-C 0.1338(2)
N(5)-C 0.1307(2)
N(1)-N(2) 0.1367(2) -15 l T : I ; '
N(4)-H(4) 0.103(2) 0 100 200 300 400 500 600
N(5)-H(5B) 0.087(2) Temperature/C
0O(2)-N(6) 0.1272(2) ) ) )
Fig. 1. The DSC curve of 5-ATZN underNatmosphere with a heating
Bond Angle rate of 10°C/min.
C-N(1)-N(2) 109.53(15) 1004 _2
N(3)-N(2)-N(1) 108.17(16)
N(4)-C-N(1) 104.61(16) DTG | g
N(5)-C—N(4) 127.56(17) 80 =
N(2)-N(3)-N(4) 108.18(15) Lo E
C-N(4)-N(3) 109.51(14) 604 8
N(5)-C-N(1) 127.82(17) N L4 @
: :
g 40 F6 o
The IR spectrum of the solid residue at 21is similar to %
that of 5-ATZ[8], so the decomposition reaction is suggested 204 . -8 %
to be a
--10
5-ATZN — 5-ATZ + HNO3 (1) 0 T T T T T T
0 100 200 300 400 500 600 700
HNO3 — H20 + NO2 2) Temperature/'C

H>0 (g) and NQ are the gas products of the thermal decom- Fig. 2. The TG-DTG curves of 5-ATZN underzNatmosphere with a

position of 5-ATZN in this process. The very weak bands heating rate of 10C/min.

at 1388 and 1323 cnt indicate that some of N§Y is still

retained in the condensed phase after the decomposition. S@80°C, the characteristic bands of NOdisappear and the

the mass loss on the TG curve is lower than expected byband at 1571 cmt is strengthened. The spectrum resembles

Eqg. (1) (42.55%). Such a decomposition route is different that of melaming5,6]. The decomposition process can be

from the conclusion made by Brill and Ramanatfgjpwho described as

pointed out that the direct .decqmppsition of [5-ATZHis 5-ATZ — HNg -+ NH,CN 3)

favored by the longer reaction time in the lower temperature

range. 3NH>CN — melamine 4)
The second exothermic decomposition (508 J/g) occurs )

intensely between 224 and 238 and the peak temperaturd” Order to capture the & in the gas phase, 5-ATZN was

is 234°C. This process is accompanied by a mass loss of Mixed with KOH, and heated to 28C. The characteristic

26.8% in the temperature range 210—2Z0(the calculated

value byEq. (3)is 29.05%), and the maximum rate of mass 600 °C f
loss is at 224C. In the IR spectrum of the solid residue at 2 400 °C
g | TV A
Q
s 280 °C
Table 4 2
Hydrogen bond distances (nm) and angl8s ( § 210 °C W
2 .
D H A D-H H...A  D...A D-H...A RT Mo
distance distance distance angle
T T T T T T T
N1 H1 02 0.102(2) 0.176(2) 0.27716(19) 177(2) 40 35 3.0 25 20 15 1.0 05
N4 H4 02 0.103(2) 0.174(2) 0.27639(19) 172(3)
N5 H5A O1 0.084(2) 0.229(2) 0.3002(2) 144(2) 10® Wavenumber/cm™

N5 H5B O3 0.087(2) 0.229(2) 0.3018(2) 141(2)

Fig. 3. The FT-IR spectra of the solid residues at different temperatures.
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bands at 2175 and 2053 cthin the spectrum of the solid
residue are identified assN. This proves the formation
of HN3 gas as a product of the thermal decomposition of
5-ATZN.

The further exothermic decomposition begins at 354
and ends at 368C with a lower enthalpy change of 21 J/g,
and the peak temperature is 3& Corresponding to this
exothermic decomposition there is a mass loss of 28.1% on
the TG curve between 335 and 4@ The solid residue
at 400°C is identified as melem by the characteristic bands
at 2198, 2055 cm! and NH is assumed to be the gaseous
product[7].

2NH3 Fig. 4. The molecular structure and atomic numbering scheme of 5-ATZN.
melamine— melem (5)

On the TG curve, there still is a slow mass loss of 12.2% The plot of In(¢T?) versusT~* is linear (¢is the heating
from 402 to 600C with no detectable peaks on the DSC rate). The values of the slope and the intercept are related

curve. The mass of the final residue is 14.3% of the initial With the parameterk andA, respectively. Ozawa-Doyle’s
mass, and the residue is identified as melon-like product by method is unrelated to the mechanism function, and the plot

IR bands at 2042, 1635, 1122 ci[6]. of Inp versusT! is linear. The slope is also used to deter-
mine the value oE.
melemm melon (6) Although the thermal decomposition of 5-ATZN is com-

plex, Kissinger's method and Ozawa—Doyle’s method were
The formation of thermally stable solid residues, such as used to estimate the kinetic parameters, based on the first
cyclic azines, melamine, melem and melon, might decreaseexothermic peak temperatures measured at six different heat-
the heat and mass transfer at the burning surface, so 5-ATZNing rates of 2, 5, 10, 15, 20 and 26/min. The peak tem-

should be an effective additive in composite gas propellants. peratures and the calculation results are listeable 5.

3.2. Non-isothermal kinetics analysis 3.3. Molecular structure

Identification of chemical kinetics parameters is a  The molecular structure of 5-ATZN was determined by
prominent field of basic research in energetic materi- x_ray single-crystal diffraction. A single unit cell with the
als and composite gas propellants. Kissinger's method atomic numbering scheme and atom connectivity is shown
[12] and Ozawa-Doyle's method3,14] are widely used  in Fig. 4. 5-ATZN is identified as an ionic salt, and consists
to determine the apparent activation energy (E) and the of [5.ATZH]* cations and N@~ anions, which are linked

pre-exponential factor (A). In these two methods, the ther- together through electrostatic interactions and extensive hy-
mal decomposition is assumed not to be a complex reaction.qrogen bonds (Fig. 5).

In Kissinger's method, the reaction function is assumed as  Owing to the protonation of the 4-N, the connective
fl@) =1 —a)" @) character of the [5-ATZHj ring is different from that of
5-ATZ. The N2-N3, C-N1 and C-N4 bond distances are
shorter, while the N1-N2 and N3-N4 distances are longer

Table 5 .
The peak temperatures of the first exotherm at different heating rates andcompared with 5-ATZ8]. The longer N1-N2 ?‘nd N3-N4
the chemical kinetics parameters bonds favor the loss of Nfrom [5-ATZH]*, while the loss
Heating rates C/min) Peak Tomberatures of HN3 from 5-ATZ is favored by the longer C-N bond.
’ Q) P The similar bond distances of CN1 and CN4 in [5-ATZH]
> 19114 0.2 indicate that there is delocalization in N4—C—N1, which
5 193.64 0.3 strengthens the stable structure. The bond distances of
10 198.5+ 0.3
15 200.1+ 0.5
20 203.0+ 0.4 hs 2
25 205.2+ 0.3
Calculation results by Kissinger's method
E (kJ/mol) 311.0+ 5.8
InA (s7Y) 75.8+ 1.4

Calculation results by Ozawa—Doyle’s method
E (kJ/mol) 303.2+ 5.6

Fig. 5. The hydrogen bonds in 5-ATZN.
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make an important contribution to the stability of the title
compound.

Our molecular structure determination proved that
5-ATZN is a kind of ionic salt, and that the 4-N is involved
in the salt formation (se€ig. 7(a)). It is different from
the earlier presumption, which presumed that the amino
group was involved in the salt formatigh5]. In US patents
3,734,789 and 3,898,114,2], 5-ATZN was depicted by
the structural formula as shown kig. 7(b).

4, Conclusion

The thermal decomposition of 5-ATZN occurs via the

Fig. 6. The packing arrangement of 5-ATZN. 5-ATZ decomposition route and forms a measurable amount
N—NH* NO;~ NN of thermally stable melon-like solid residue. The thermal
// \ /A stable cyclic azines are expected to modify combustion of

N O NH: N\ G~ NH, - HNO; composite gas propellants. This study was done at low heat-

H ” ing rates and low pressures, so conditions would be very

@ ®) different from those under combustion conditions. Never-
a theless, the thermally stable azines would still be expected

Fig. 7. Two structural formulas of 5-ATZN: (a) obtained structural formula  to form and to modify propellant combustion.
and (b) presumed structural formula.
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